Paracatalytic enzyme modifications result from the oxidation of enzyme-substrate carbanions by extrinsic oxidants. During the oxidation of enzyme-activated substrates, transiently reactive intermediates are generated which, without being released from the enzyme, modify groups at the active site. For enzymes producing carbanion intermediates, the combination of the normal substrate with a suitable electron acceptor has thus been proposed as a highly specific binary system for their active site-directed modification. In this study, the structural features of paracatalytically modified fructose-1,6-bisphosphate aldolase (D-fructose-1,6-bisphosphate D-glyceraldehyde-3-phosphate lyase, EC 4
The catalytic power of enzymes is based in part on their faculty to render the substrates chemically more reactive. The transient superreactivity of enzyme-bound substrates may, in addition to accelerating their transformation into the specific products, give rise to reactions with extrinsic agents-i.e., with agents that do not belong to the ordinary enzyme-substrate system. In such paracatalytic reactions (1), enzyme-substrate intermediates are deflected from the normal reaction pathway and generate products that do not correspond to the normal catalytic specificity of the enzyme. An example of a paracatalytic reaction is the trapping of the carbanion/enamine intermediate of fructose-1,6-bisphosphate aldolase (D-fructose-1,6-bisphosphate D-glyceraldehyde-3-phosphate-lyase, EC 4.1.2.13) by suitable oxidants (2) . In the presence of hexacyanoferrate(III), the enzyme-dihydroxyacetone phosphate intermediate is partitioned between the normal enzymic reaction cycle and an oxidative bypass producing hydroxypyruvaldehyde phosphate (see Scheme 1) .
Paracatalytic enzyme modification is an additional side reaction which branches off the oxidative bypass and results in H2CO® Cl=o HC=O H2N-Lys- The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. and carboxypeptidase from yeast was a gift from M. Ottesen. The reagents used for Edman degradation (Sequenal grade) were purchased from Pierce. Potassium hexacyanoferrate(III) was from Fluka AG (Buchs, Switzerland).
Analytical Methods. The concentration of aldolase was determined spectrophotometrically from A2g0 = 0.91 mg-1 ml cm 1 (6) . Enzymic activity toward fructose-1,6-bisphosphate was measured in a coupled assay with triosephosphate isomerase and glycerophosphate dehydrogenase (7) . Peptide hydrolysis was performed in 6 M HC1 (110°C, 22 hr) at reduced pressure in the presence of 2% (vol/vol) thioglycolic acid, which diminishes the destruction of tryptophan (8) . For amino acid analysis, the hydrolysate was applied to a Durrum D-500 analyzer, with the standard sodium citrate buffers for protein hydrolysates. High-voltage electrophoresis was performed on Whatman 3 MM paper at pH 1. Sequence Determination. The usual Edman degradation procedure (9) was used with slight modifications. The radioactive chymotryptic fragment (5-30 mmol) isolated from paracatalytically inactivated aldolase (see Fig. 1 5-,um particles (Merck), eluted with dichloromethane containing 0.8% isopropanol and 0.175% dimethyl sulfoxide, flow rate 1.8 ml/min]. For identification on the amino acid analyzer, the phenylthiohydantoin amino acid was hydrolyzed in the presence of 0.1% tin chloride (6 M HCI, 150°C, 4 hr) (10) . RESULTS Incorporation of Substrate during Paracatalytic Inactivation. Aldolase was paracatalytically inactivated with fructose 1,6-bisphosphate as substrate and hexacyanoferrate(III) as oxidant (3). The reaction mixture contained aldolase (0.1 mg/ml -1.1 units/ml) in 0.5 mM D-[U-14C]fructose 1,6-bisphosphate (1.8 Ci/mol)/0.1 M Tris.HCl (pH 7.6, 250C). The paracatalytic reaction was started by addition of 0.5 mM potassium hexacyanoferrate(III), which was repeated after 30 min. Immediately, the enzymic activity decreased with time; after 60 min, it had dropped to 5% of the original value.t The reaction was then stopped by removing the low molecular weight reactants. In In the control, hexacyanoferrate(III) was omitted from the reaction mixture. After removal of low molecular weight compounds by gel filtration (Sephadex G-75, 10% formic acid), the incorporated radioactivity was determined. Incorporated phosphate was measured (12) after acid hydrolysis (6 M HCl, 1100C, 48 hr, in a sealed tube). The same values were obtained when the enzyme was separated from low molecular weight compounds by precipitation with trichloroacetic acid or repetitive ultrafiltration. The values given are corrected for the phosphate content of enzyme that had not been incubated with fructose 1,6-bisphosphate [0.1 mol of phosphate per mol of subunit, a value corresponding to earlier data (13)].
the presence of hexacyanoferrate(III) alone, the activity rapidly decreased to 80%, after which it remained constant; fructose 1,6-bisphosphate alone had no effect whatever. Previous control experiments have shown that the inactivation in the presence of the substrate and the oxidant is not due to an interaction of the enzyme with either one of the products of the paracatalytic reaction-i.e., with hexacyanoferrate(II) or hydroxypyruvaldehyde phosphate.* The rate of inactivation is independent of the concentration of the enzyme, thus demonstrating the in situ mode of the modification (3).
When [U-14C]fructose 1,6-bisphosphate was used as substrate in paracatalytic inactivation, both 14C and phosphate were covalently incorporated into the enzyme (Table 1 ). The net incorporation of 2.1 mol of 14C and 0.6 mol of phosphate per mol of subunit corresponds to a 14C/phosphate ratio of 3.5, indicating that a phosphorylated three-carbon fragment rather than a two-carbon fragment is incorporated. Only 0.6-0.7 mol of this phosphorylated compound is incorporated per mol of subunit, most likely because part of the commercial aldolase preparation used was enzymically inactive. Its specific activity (10 units/mg) was only two-thirds of the maximum attainable in a laboratory preparation. The amino acid composition of the modified enzyme appeared unaltered within the limits of the accuracy of the determination. Electrophoresis on polyacrylamide gel in sodium dodecyl sulfate (with 2-mercaptoethanol in the sample buffer) showed that the paracatalytically modified enzyme and the native aldolase tetramer (14) was digested with chymotrypsin. On gel filtration of the digest, 57% of the eluted radioactivity was found in one major peak (Fig. 1A) . The preceding minor radioactive peak is apparently due to inhomogeneity of the chymotryptic digestion-e.g., incomplete cleavage after Asn (16) . Acid hydrolysis and amino acid analysis showed that this material contains the same radioactive amino acid derivative (X,.X2, see below) as the main peak. The fractions of the major peak were pooled and applied to an ion-exchange column (Fig. 1B) . The radioactivity appeared in one sharp peak, coinciding with a peptide peak. High-voltage electrophoresis at pH 1.9 and pH 6.5 of the pooled material of this peak showed a single peptide which carried no net charge at pH 6.5. Its specific radioactivity corresponded to the incorporation of a three-carbon substrate derivative. On hydrolysis of the fragment, no volatile radioactive product was formed. Amino acid analysis indicated a pure peptide with the amino acid composition: Asx (1.0), Pro (0.9), Ala (1.0), Trp (0.7), and an unidentified radioactive ninhydrin-positive product that was eluted close to histidine on the amino acid analyzer. This product is composed of the three-carbon substrate derivative and, as shown below, of two amino acids connected by a nonpeptide bond; in the following, the compound is designated as X1-X2. No radioactive material other than XI-X2 was eluted from the amino acid analyzer. The yield was 50-70% of the t6'1'vaudibactivity applied to the analyzer column.
The amino acid sequence of the fragment was determined by two consecutive Edman degradation steps and by exopeptidase digestion. The first Edman degradation step released two products, which were extracted into the organic phase (Table   E   2 (Fig. 2) . The a-amino group of X2, on the other hand, is derivatized in the first step, releasing a Pro-Asn dipeptide, a succession corresponding to a second tripeptide sequence X2-Pro-Asn. The covalently connected amino acid residues XI and X2 crosslink the two tripeptides (Fig. 2) After conversion of the material of the ethyl acetate phase to phenylthiohydantoin derivatives, this product remained in the aqueous phase while phenylthiohydantoin alanine was extracted into the ethyl acetate phase. Peptide bond hydrolysis and amino acid analysis gave X1-X2 and Trp with 10% and 20% yield, respectively (see footnote §). § The amount of X1-X2 detected is only half that of Trp due to the low recovery of X1-X2 from the amino acid analyzer.
Biochemistry: Lubini 
DISCUSSION
Location of Incorporated Substrate Derivative in the Primary Structure. Both tripeptides (Ala-XI-Trp and X2-Pro-Asn), which, together with the radioactive substrate derivative, constitute the chymotryptic fragment isolated from paracatalytically inactivated aldolase, can be accommodated uniquely within the amino acid sequence of the enzyme (Fig.  3) . The two crosslinked amino acid residues Xl and X2, which could not be identified by amino acid analysis, are thus lysine-146 and lysine-227. Earlier studies have shown that both residues are located at the active site. During the enzymic aldol cleavage/addition reaction, the e-amino group of lysine-227 forms a Schiff base with the carbonyl group of fructose 1,6-bisphosphate or dihydroxyacetone phosphate (17) . It was possible to label this functional residue by reducing the transient Schiff base adduct with sodium borohydride to a stable secondary amine (14) . Lysine-146 is alkylated by the affinity-labeling reagent N-bromoacetylethanolamine phosphate, and its modification results in complete loss of enzymic activity (18) . Thus, the simultaneous modification of lysine-227 and lysine-146 bears out 2-fold the previous notion of paracatalytic enzyme modification being active site directed. The paracatalytically introduced crosslink between the two active site residues is intrachain, as indicated by the unhindered dissociation of the modified enzyme into subunits when exposed to sodium dodecyl sulfate.
Mechanism of Paracatalytic Modification of Aldolase. The ratio of incorporated "4C to incorporated phosphate (3.5:1) indicates that a derivative of a triosephosphate is incorporated. The incorporation of not more than 1 mol of triosephosphate derivative per mol of subunit of the completely inactivated enzyme excludes the modification of groups that are not essential. The structure shown in Fig. 3 , with the triosephosphate derivative interlinking the two lysyl residues, is tentative. However, it seems plausible to assume that during paracatalytic modification the normally reversible Schiff base linkage be- (Triose-P) denotes a phosphorylated three-carbon substrate derivative. The sequence of the total 361 residues has been determined by Lai and coworkers (17) . tween C-2 of dihydroxyacetone phosphate and the e-amino group of lysine-227 is transformed into a stable bond and that, concomitantly, C-3 of dihydroxyacetone phosphate, the site of the paracatalytic oxidation (11) , becomes attached to the (-amino group of lysine-146. Preliminary results of mass spectrometric analysis of the X1-X2 fragment are compatible with a structure having the (-amino groups of two lysyl residues in vicinal positions on a three-carbon fragment (experiments in collaboration with Drs. A. Niederwieser and W. Steiner).
In a recent study, the previously reported reaction of hydroxypyruvaldehyde phosphate, the product of the paracatalytic oxidation of the aldolase dihydroxyacetone phosphate intermediate (see Scheme 1) , with aldolase (3) has been examined in more detail and evidence for the modification of arginyl residues has been presented (19) . This reaction of hydroxypyruvaldehyde phosphate with aldolase was thought to simulate paracatalytic modification (19) , a notion which is disproved by earlier (see ref. 3 and t) and the present data. Hydroxypyruvaldehyde phosphate appears to exert its effect on aldolase according to the mode of an affinity label. As a dicarbonyl compound, it will react readily with guanidino groups and, in a reversible manner, with amino and sulfhydryl groups of proteins (20) . In aldolase, it might modify functional arginyl residues by being accommodated into the dihydroxyacetone phosphate-or the aldehyde-binding site or both. In correspondence with this interpretation, aldolase is protected by substrate against inactivation by hydroxypyruvaldehyde phosphate, and the aldolase-catalyzed cleavage of 5-ketofructose 1,6-bisphosphate (11) into dihydroxyacetone phosphate and hydroxypyruvaldehyde phosphate is accompanied by progressive inactivation of the enzyme (19) .
Inferences Regarding Structure of Active Site of Fructose-1,6-bisphosphate Aldolase. The blocking of lysine-227 by paracatalytic modification is in line with the experimentally well-documented role attributed to this residue in aldolase catalysis (14, 17) . However, a catalytic function of lysine-146, the other residue involved in paracatalytic modification, is still hypothetical. Because this residue is alkylated by the affinitylabeling reagent N-bromoacetylethanolamine phosphate, it has been suggested that it interacts electrostatically with the phosphate group at C-1 of fructose 1,6-bisphosphate (18) . However, according to the mechanism of paracatalytic modification outlined above, the E-amino group of lysine-146 is within reaction distance of C-3 of the substrate and thus might participate in the covalency changes. Conceivably, its positive charge might stabilize the carbanion and thus cooperate with histidine-359, which is thought to catalyze the transfer of protons between C-3 of dihydroxyacetone phosphate and the solvent (21, 22) . This proposal corresponds with an alternative interpretation of the affinity-labeling experiments which assumes that arginine-148 instead of lysine-146 is responsible for the binding of the C-1 phosphate group (18, 23) .
General Conclusions. The present results establish paracatalytic modification as a mode of active site-directed modification of enzymes. In contrast to other methods designed for the same purpose, such as affinity labeling or use of enzymeactivated (kcat) inhibitors, paracatalytic modification uses a binary system consisting of the normal substrate and a suitable extrinsic reagent (3) . Both the binding and kinetic specificity of the enzyme for its normal substrate warrant the specificity for modifying active site residues of the target enzyme.
The group of enzymes found susceptible to paracatalytic modification includes enzymes that catalyze reactions involving the cleavage of C-H and C-C bonds (see ref. 1; enzymes that have been paracatalytically inactivated to date are listed in the introduction). The formation of an oxidizable carbanion intermediate seems to be the only common feature of. * On. zymes that is required for paracatalytic modificatiofri&& . Thus, in applying paracatalytic modification it will be important to realize that paracatalytic reactions may proceed via different pathways in different enzymes. In aldolase from yeast, for instance, which is a class II metalloaldolase not forming a Schiff base intermediate (14) , the paracatalytic modification proceeds without incorporation of the substrate or a derivative thereof (24) . Clearly, in cases such as this, the identification of the modified residues is rendered more difficult.
Paracatalytic modification, besides being an experimental means for the elucidation of the structure of the active sites of certain enzymes, might also be of physiological import. Paracatalytic modifications of enzymes occurring in ovo with intracellular oxidants might contribute to processes such as aging and turnover of enzymes in the cell (3, 25) . The present data should provide an experimental approach to this question.
